Phantoms in Diagnostic Procedures
In this Section, those phantoms used in diagnostic procedures involving radiological imaging, nuclear medicine and bone mineral analysis will be considered. The discussion will cover dosimetry, equipment calibration and image quality assessments, where the phantoms adopted are intended to replicate the human body with regard to radiation attenuation properties, geometry and physical dimensions.
Absorbed-dose measurements in radiodiagnosis are performed in order to assess the radiation hazards to staff and patients. For example, dosimetric phantoms are used for establishing absorbed-dose distributions in irradiated patients. Frequently, the same phantom design is used for both radiation protection and the subjective evaluation of image quality. The requirements for tissue substitutes are often less stringent for applications in radiation protection compared to imaging. When a phantom has this dual function, the tissue substitutes must be suitable for the more exacting role.
Radiological Imaging
Dosimetric and imaging phantoms are used in this specialty. In the past, these have been predominantly body phantoms of varying degrees of complexity, from the simple to the realistic (Stanton et al., 1978; White and Tucker, 1980; White et al., 1981; Conway et al., 1984; Constantinou et al., 1986) . With such a wide range of phantoms in routine use, the results from a given series of measurements using one type, although self-consistent, may be difficult to compare readily with data derived using a different phantom. For this reason, it is recommended that standard phantoms be made universally available and adopted for intercomparisons of different radiological equipment used for the same clinical purpose. Standard dosimetric and imaging phantoms would also allow individual centers to verify that their own radiological system is within acceptable performance limits.
A phantom for standardized mammographic dosimetry was introduced by White and Tucker (1980) (Table B.2.46) . A 5 cm thick, D-shaped block of an average breast substitute, representing 50% water and 50% lipid, by mass, was built up from a set of 1 cm thick slabs. Cavities in each slab for TL-dosimeters enabled depth-dose curves to be measured. The phantom was used in a survey of mammographic practice in the U.K. (Fitzgerald et al., 1981) .
The American College of Radiology has employed a phantom to standardize the imaging and dosimetry aspects of its mammography accreditation program. The phantom (NCRP, 1986; DeWerd, 1988 ) consists 26 of a cuboid block of acrylic, in which there is a cavity below the surface to accommodate a thin dental wax insert (Table B. 2.45). The phantom is designed to approximate the attenuation of a 4.5 cm compressed breast composed of 50% adipose tissue and 50% glandular tissue, by mass. The wax insert contains test pieces, including thin low contrast fibrils, groups of small calcific specks and low contrast spherical segments, which simulate structures found in the breast. There is also a space on the side of the phantom which allows the positioning of a strip of acrylic containing TLD chips and aluminum filters. The accreditation program requires submission of images of the phantom along with the TLD irradiated during the formation of the image.
A phantom that has gained some status as a radiodiagnostic standard was designed by the U.S. Department of Health and Human Service's Center for Devices and Radiological Health (CDRH) to assess the absorbed dose received by a typical patient during chest radiography (Conway et al., 1984; Butler et al., 1984 Butler et al., , 1985 Jennings, 1985) (Table B. 2.36). The CDRH "LucAl" phantom is a simple "patientequivalent" phantom constructed of acrylic (Lucite) and aluminum. It can be used to simulate the attenuation of a 22 to 23 cm thick chest, radiographed in the postero-anterior (PA) projection with a wide variety of radiographic techniques. It was designed to match the attenuation provided by a commercial anthropomorphic lung/chest phantom (Butler et al., 1980) , which consists of a human male skeleton embedded in a tissue substitute, with permanently fixed dog lungs preserved in the inflated state. It has been used to survey 194 manual and automatic exposure-controlled (AEC) radiography units (Butler et al., 1985) , to assess the performance of these units in terms of the absorbed dose delivered, exposure factors used and the radiographic performance attained.
A similar phantom has also been developed for the estimation of absorbed doses from examinations of the abdomen and lumbo-sacral spine (Conway et al., 1990) (Table B .2.59). The CDRH "LucAl" abdomen phantom is constructed of acrylic and aluminum, simulates a 21 cm thick abdomen for the anteroposterior radiographic projection and was designed to match the attenuation and scatter provided by a commercial abdomen phantom.
The standard dosimetric phantoms used in radiological imaging should be designed so that absorbed doses at the surface and at various depths may be measured. A solid tissue substitute material is preferable to the use of a contained liquid. The most convenient form for these phantoms is sheets or slabs, some of which contain cavities for ionization chambers or thermoluminescent dosimeters. The substitute materials used should yield absorbed-dose estimates that differ by no more than 3% [if possible, 1 %] from those in water or the body-tissue being simulated. The cross-sectional dimensions of each standard phantom should be within 5 mm of the recommended values. The overall thickness of the phantom and the depths of the radiation detectors from the surface should be known to within 0.1 mm [this is especially important at low photon energies ( < 50 keV) and shallow measurement depths ( < 5 mm)].
Standard phantoms representing the head and abdomen for use in conventional radiography /fluoroscopy and computed tomography (CT) are proposed in this report (Tables B.2 .24, B.2.69, B.2.80) .
The standard dosimetric phantoms recommended for conventional radiography/ fiuoroscopy are cuboid acrylic or polystyrene containers filled with water (Tables B.2 .24, B.2 .69). The wall thickness is approximately 6 mm. They may also be solid cuboid blocks fabricated from a suitable water substitute. Cavities for radiation detectors are positioned at known depths. The head phantom has a 16 cm x 16 cm square cross-section, a 16 cm depth and has cavities at the surface and at depths of 4.0, 8.0, and 12.0 cm. The abdomen phantom has a 30 cm x 30 cm cross-section, a 30 cm depth and has cavities at the surface and at depths of 5.0, 10.0, 15.0, 20.0, and 25.0 cm. The phantoms can be used for the comparison of irradiations in radiographic and fluoroscopic examinations of the head and abdomen under standard conditions. The standard phantoms recommended for comparisons of irradiations in CT are cylindrical water-filled acrylic or polystyrene containers or cylindrical solid blocks fabricated from a suitable water substitute (Table B .2 .80). These phantoms represent the head and abdomen and are based on the standard phantoms developed by CDRH (Shope et al., 1982) . The head phantom has a diameter of 16 cm and a length of at least 14 cm. The wall thickness of the water-filled container is approximately 6 mm. Cavities for radiation detectors are positioned at the center and on two orthogonal diameters at radii of 5.0 cm and 7.0 cm. The abdomen CT phantom has a 32 cm diameter cross-section, a minimum length of 14 cm, and cavities for radiation detectors positioned at the center and on two orthogonal diameters at radii of 5.0, 10.0 and 15.0 cm.
The standard phantom recommended for mammographic dosimetry consists of solid tissue substitute material representing average breast tissue, which has been cut into an 18 cm diameter semi-circular cross-section and with depth from 2 to 8 cm (Table  B. 2.55). The phantom should have suitable cavities 5. 1 Radiological Imaging ... 27 for radiation detectors. As a minimum requirement, these should be located such that the surface, midpoint and exit absorbed doses can be determined. Sheets of 1 cm depth with cavities in the surface for thermoluminescent dosimeters are particularly convenient.
Anthropomorphic body phantoms are useful for examining the expected absorbed-dose distributions from an imaging procedure and assessing the absorbed doses to body organs within and outside the primary beam. The results from such measurements may only be applied to actual patients if the expected uncertainties, taking into account the anatomical differences between phantom and patient, are acceptable for the given application. For example, if the application is solely for purposes of radiation protection, uncertainties in absorbed dose should not be greater than 10%. If the phantom is also to be used for imaging evaluations, uncertainties in absorbed dose should not be greater than 3%.
Care must be exercised when commercial body phantoms designed specifically for megavoltage radiotherapy are used with low-energy photon beams, because of the decreased importance of photoelectric absorption at high energies. In these cases, mismatches may occur at low energies between the tissue substitutes and the body tissues being simulated. The suitability of the tissue substitutes for the type and energy of radiation under investigation should be established before the phantom is used [ICRU Report 44 (ICRU, 1989) ].
An imaging phantom is intended to evaluate the ability of a given imaging system to visualize normal and abnormal anatomical structures within a section of the body which are of concern to the clinician. The threshold visibility of image details depends on the shape, physical dimensions and radiation absorption and scattering properties of the anatomical structure or defect and the corresponding properties of the volume of body tissues in which they are embedded. The anatomical structure may be of high contrast (skeletal materials, gas, calculi, microcalcifications) or of low contrast (lipomas, tumors, cysts) (see Table  5 .1).
Probably the most difficult anatomical structures to simulate are microcalcifications. Optical microscopy should be used to verify the shape and physical dimensions of the substitute particles, which typically have mean diameters in the range 0.02 to 0.4 mm. Practical advice on the production of artificial microcalcifications is given in Appendix D. Effective quality control is essential to ensure reproducibility in the production of these imaging phantoms.
Tissue substitutes used for imaging phantoms should have linear attenuation coefficients within 5% of those for the body tissues being simulated. In 
Soft tissues
Soft tissues a The imaging of a normal or abnormal feature is partly dependent upon the differential attenuation between the feature and the surrounding tissue or fluid. computed tomography and digital radiography, this uncertainty should be reduced to 1 % [ICRU Report 44 (ICRU, 1989) ]. The cross-sectional dimensions of the phantom should be within 5 mm of the planned physical dimensions. The overall thickness of the phantoms and the depth of the replicated structures should, however, be within 0.5 mm of their planned physical dimensions. This tolerance should be reduced to 0.1 mm for low energy photon applications such as mammography. The shapes and physical dimensions of the replicated structures should duplicate the required anatomical structures as closely as possible.
ing a radioactive solution and used for examining field uniformity on Gamma Cameras, or, with suitable inserts, an imaging phantom for resolution and sensitivity assessments. At the other extreme, the container or shell is formed to the contours of a body section or a specific organ and may contain a skeleton and replica tumors or nodules of high and low activity.
Discrete volumes of radioactive material as contained liquids can also be fitted into solid phantoms. Alternatively, a powdered radioactive material can be dispersed within resin or polymer-based tissue substitutes when they are in the liquid phase, to form an extended radiation source, perhaps as a complete organ, when the resins or polymers have hardened.
Nuclear Medicine
The prerequisite that all imaging and calibration phantoms used in nuclear medicine must contain radionuclides safely, influences the types that may be employed. The most common is the liquid-filled plastic container. At one extreme, this can be a simple cylindrical calibration ("flood-field") phantom contain-When the human body is to be closely simulated, organs represented by either liquid-filled shells or solid volumes should be surrounded by suitable scattering material. The radiation attenuation properties, geometry and physical dimensions of the scattering material should match closely those of the human body section being simulated.
Organ and whole-body absorbed doses from internally deposited radionuclides are usually estimated from calculations performed using computational models and radiation transport codes (see Section 8.3). The models developed by the Medical Internal Radiation Dose (MIRD) Committee (Fisher and Sny der, 1967; Snyder et al., 1969) have been widely used for the dosimetry of gamma emitters.
A selection of body phantoms used in nuclear medicine is considered in this Report. These include specific body sections such as the thyroid (IAEA, 1962) (Table B. 2.31), liver (Mould, 1971, 1983 a and b) (Table B .2.66) and brain (Herrera et al., 1981; Volodin et al., 1985) (Tables B.2.25 and B.2.57) .
All the phantoms used in nuclear medicine must comply strictly with the safety requirements relating to radioactivity given in Section 3.3, Table 3 .3.
Whenever a close simulation with body tissues is required, tissue substitutes should have linear attenuation coefficients within 1 % of those for the given body tissues over the appropriate photon energy interval [ICRU Report 44 (ICRU, 1989) ]. Dimensional tolerances on phantoms used in nuclear medicine should reflect the resolution and sensitivity of the imaging equipment being assessed. Usually the tolerances quoted for radiological imaging phantoms (Section 5.1) are more than adequate.
Bone Mineral Analysis
The accurate and precise in-vivo measurement of the mineral content of bones has been shown to be a useful non-invasive diagnostic procedure for various bone disorders (Genant et al. , 1989) . The measurement techniques that have been used can be broadly divided into two groups: those using x rays or gamma rays and those using neutrons. The former have achieved wider clinical acceptance due mainly to equipment availability.
Photon absorptiometry utilizes photons from the decay of radionuclides such as iodine-125 (27 keV), gadolinium-153 (44 and 100 keV), americium-241 (60 keV) or cesium-137 (662 keV) (Cameron and Sorenson, 1963; Karjalainen, 1973; Gustafsson et al., 1974; Smith et al., 1983; Aird, 1984; Tothill, 1989) .
Single photon absorptiometry (SPA) measures the attenuated properties of a beam of single energy photons caused by passage through a uniform thickness water bath containing the structures being measured. This technique is thus only applicable to limb measurement, the forearm being most commonly used. Correction for the lipid content of the surrounding soft tissues, but not the marrow, is performed in some machines.
Dual photon absorptiometry measures the attenuation of two separate photon energies. The difference 5.3 Bone Mineral Analysis ... 29 in attenuation produced by two energies permits a two-component system of bone mineral and soft tissue to be analyzed and enables errors resulting from soft-tissue inhomogeneities to be minimised. The technique can be applied to any part of the body, though the spine and femoral neck are clinically the most useful sites. More recently, dual energy absorptiometry techniques have been developed using x-ray sources. The two effective x-ray energies, of approximately 40 and 70 keV, are achieved by rapid kilovoltage switching or by K-edge filtration with rare earth filters.
Dual energy x-ray absorptiometers (DXA) are faster, have improved spatial resolution, are more precise and give a lower radiation exposure to the patient than dual photon absorptiometers (Cullum et al., 1989) . Dual energy x-ray absorptiometry is expected to replace dual photon absorptiometry.
Quantitative Computed Tomography (QCT) using either an x-ray or gamma-ray source can be used for bone mineral densitometry. Dedicated bone mineral densitometric CT scanners employing gamma ray sources are available for measurement of peripheral skeletal sites (forearm or leg). General purpose x-ray CT scanners can be used for other skeletal sites including the spine and the femoral neck. The unique advantage of QCT mineral densitometry is its ability to measure trabecular and cortical bone separately. Trabecular bone is up to 8 times more active in metabolic terms than cortical bone. Both single and dual energy QCT techniques have been described (Adams et al., 1982) , the latter enabling correction of the measured mineral density for the presence of yellow marrow. Single energy QCT is more commonly used. Methods of bone mineral densitometry using xor gamma-ray Compton and coherent scattering have been described (Aird, 1984) .
In neutron activation of calcium in-vivo, thermal neutrons convert stable calcium-48 in the irradiated bone into radioactive calcium-49, which disintegrates with an 8.8 minute half-life, emitting high energy gamma rays (3 .1 MeV) (Chamberlain et al., 1968; Palmer et al., 1968; Cohn et al., 1970) .
Calibration phantoms are normally employed to establish the responses of all the described systems. Two types are available: those concerned with quality assurance (QA) and those concerned with quantitation. QA phantoms are employed prior to making measurements; those concerned with quantitation may be scanned simultaneously with the patient. Photon absorptiometry and DXA systems use QA phantoms which consist of a single material in various thicknesses. Bone density CT measurements use phantoms concerned with quantitation. These consist of several concentrations of various materials which simulate relevant body tissues. Quality assur-ance phantoms for SPA and DXA are usually provided by the manufacturers. Most CT scanner manufacturers also provide quantitative calibration phantoms and software for QCT. Witt et al. (1970) developed a phantom for the calibration and intercomparison of different SPA bone mineral analyzers (Table B. 2.21) . Solutions of dipotassium hydrogen orthophosphate (K 2 HP0 4 ) in water were used. A saturated solution of this compound is an established cortical bone substitute [Witt and Cameron, 1969; ICRU Report 44 (ICRU, 1989) ] . The solutions are contained in three annular cavities within acrylic blocks. The two larger cavities have dimensions approximately equal to the physical dimensions of the mid-shaft radii in North American males and females . Although the solution-filled cavities in the plastic blocks do not actually simulate the complete limb, this phantom can serve as a standard to compare results from different laboratories. Alternative phantoms containing calcium hydroxyapatite in plastic water substitute and formed into appropriate anthropomorphic shapes to simulate forearm and spine are being developed by the Commission of the European Communities Biomedical Engineering Advisory Committee (COMAC) ( Table B .2.17) . They are used for similar purposes (Kalender, 1991) but allow intercomparison of all types of mineral densitometry equipment.
In addition to solutions of K 2 HP0 4 , several other materials have been used to represent bone mineral or cortical bone, including aluminum, powdered bone, calcium hydrogen phosphate (CaHP0 4 ), calcium hydroxyapatite [Ca 10 (P0 4 ) 6 (0H) 2 ] , ivory, marble (Aird, 1984) and calcium carbonate (CaC0 3 ) (Aird, 1984; Suzuki et al. , 1991) . These materials have been formed into variously shaped blocks, step-wedges and stepped-cylinders by direct machining or appropriate containment, and thence into calibration phantoms with varying degrees of anthropomorphic realism. For QCT with general purpose scanners, a lower concentration of bone substitute material than of cortical bone is required to simulate trabecular mineral concentrations and prevent image artifacts. Contained solutions of K 2 HP0 4 are commonly used but provide problems of long term stability, formation of air bubbles within the phantom and, because of their rigidity, give rise to discomfort for the patient. These problems have stimulated the development of calibration phantoms using mineral substitute materials (commonly calcium hydroxyapatite) in various concentrations (usually between 50 and 200 mg/ml) embedded in more flexible water substitute plastic materials (Table B. 2.20) . The measurement of mineral density by QCT is performed by calibrating the attenuation of these reference materials against their known concentrations on each scan image. The measured attenuation of a region of interest within trabecular bone can thus be converted into a density of mineral substitute reference material.
When close simulation with the human body is essential, replicated bone blocks or step-wedges, containing liquids or powders, should be surrounded by suitable scattering material. The radiation attenuation properties, geometry and physical dimensions of the scattering material should match closely those of the limb being simulated. Close simulation of the spongiosa (including red and yellow marrow) may also be necessary. If this is the case, an appreciation of the wide variation in red/yellow marrow composition of spongiosa bone between individuals, anatomical sites and with patient age and pathology is also necessary (Dunnill et al., 1967; Burkhardt et al., 1987; Whitehouse, 1991) .
Anthropomorphic phantoms usually represent one of three body sites, namely the distal forearm, the neck of the femur or the lumbar spine. A selection of anthropomorphic calibration phantoms is considered in this report.
The tissue substitutes used for calibration of bone mineral analyzers should have linear attenuation coefficients within 1 % of those for given body tissues over the appropriate photon energy interval [ICRU Report 44 (ICRU, 1989) ]. In this context, cortical bone contains collagen which is not represented in CT calibration phantoms containing only calcium hydroxyapatite in a water substitute plastic. Such phantoms may, therefore, perform less well than others containing dipotassium hydrogen orthophosphate in water which has an energy dependent change in attenuation close to that of cortical bone (Whitehouse and Adams, 1990; Whitehouse, 1991) . A dual energy method capable of compensating for different reference materials has been described (Nickoloff et al., 1988) . The method uses the phantom to enable a measurement of the effective energy of the x-ray beam to be made. Calculation of the theoretical attenuation of various tissues at that energy can then be made and used to calibrate the system. The theory behind this method can be adapted to single energy QCT.
Dimensional tolerances should be the same as those quoted for radiological imaging phantoms (Section 5.1).
Specifications of the dosimetric, calibration and imaging phantoms used in diagnostic procedures are given in Appendix B.
